A thermal shock test has been designed which permits the thermal fracture resistance and the mechanical strength of brittle materials to be quantitatively correlated. Thermal shock·results for two materials, A1 2 o 3 and SiC, have been accurately predicted from biaxial strength measurements and a transient thermal stress analysis (performed using a finite element method). General implications for the prediction of thermal shock resistance~ with special reference to ceramic components, are discussed.
INTRODUCTION
Therma 1 transi·ents are a ubiquitous source of fracture in ceramic components. A thorough comprehens1~on of the variables that dktate th.erma1 fracture are thus essential if the rel fable performance of ceramics in fracture critical applications is to be achieved. A logical approach for evaluating the susceptibility of a ceramic component to failure during a thermal transient. is based on a parity between thermal shock resistance and mechanica 1 strength.* However, this approach has not been uniquely validated; in fact, certain observations on ceramics appear to be superficially inconsistent with the approach(ll.
Two comparative studies have been conducted(Z, 3 ) that afford some confidence in the pertinence of the mechanical strength for thermal shock prediction. Manson and Smith( 2 ) presented statistical relations between mechanical strength (measured in flexure) and thermal shock resistance, and demonstrated that the statistical shape parameters. deduced from both thermal shock and flexural strength tests (performed on steatite) were si.milar. However, they did not attempt a prediction of the absolute thermal failure condition from their mechanical strength data. More recently, the thermal failure of a precracked polymer( 3 ) has been predicted from independent measurements of the crack dimensions and the critical stress intensity factor, by employing a numerical thermal stress analysis.
In this study, a~ appr6x1~ate choice of the heat transfer coefficient was used to provi.de reasonable predi.cttons of the failure condition.
The intent of the. present paper is to provide a fully quantitative prediction of thermal failure. This is achieved by developing a suitable thermal shock test and by devising a method for the accurate calibration mechanical strength refers to the stress level when the stress intensity factor at the fracture initiating flaw attains the critical value. K.,,... A quantitative, but simple thermal shock test for evaluating and comparing ceramic materials (especially those suitable for advanced application such as gas turbine engines, heat exchangers and solar collectors)
is not presently available. A procedure commonly adopted for thermal shock evaluation is based upon a water quench test( 4 ); the results of which can be incorporated into established theories of fracture initiation and crack propagation( 5 ). Under the high heat transfer conditions that prevail during a water quench, heat transfer and size effects have, in most previous studies, been assumed to be of negligible importance. The peak thermal "' stress, a, has then been calculated by applying the simple equation;
where E is Young's modulus, a is the coefficient of thermal expansion, 6T is the temperature differential across the speci~en and v is Poisson's ratio. By setting the peak tension equal to the equivalent fracture stress of the material, an estimate of the maximum temperature differential, t;Tc.
that can be sustained by a material prior to severe strength degradation is then provided. However, the water quench test has several problems which limit its utility as a quantitative test for evaluating thermal shock resistance.
Firstly, it has recently been shown that the above relation is only independent of sample size when the samples are extremely large(G). Thus,
~T
shows a strong size dependence in many experiments, rendering material c ranking somewhat questionable. Secondly, the heat transfer rates encountered in typical ceramic applications (cited above) are appreciably smaller than
. those enforced by a water quench. The magnitudes of the thermal stresses expected in these applications are thus smaller than anticipated by Eq.(l ), and described by the general result: (2) -where h is the heat transfer coefficient, k is the therma 1 con duetivtty, c h the speci"fic heat, p is the density and r is a speci- The experiments are designed to provide a comparison of the mechanical strength and the critical temperature for thermal fracture initiation, at a prescribed location and under equivalent stress states (equi-biaxia1 tension). This is achieved by employing disc samples, in which the edge stresses (and hence, undesirable edge initiated failure) can be essentially eliminated. The mechanical tests are conducted in a biaxial flexure mode; while the thermal tests utilize a disc at uniform initial temperature, cooled by a fluid jet impinging upon the disc center.
-6-
Procedures
Two materials were se1ected for the thermal shock study: a 99%
dense sintered a-SiC (-7 ~m grain size) and a fully dense slip cast Each sample (both precracked and non-precracked) was individually tested in the thermal stress apparatus shown in Fig. 1 . The sample was mounted horizontally on fibrous insulation (with two thermocouples placed against the surface of the specimen) and heated in a MoS1 2 resistance tube furnace. The sample was allowed to equilibrate, at which time is was subjected to a rapid temperature change, through the use of high velocity air, The air was channeled onto the disc center, using a 0.32 em diameter silica tube, at a velocity of-100 ms-1 . After the quench, the sample was examined for crack extension. If the crack did not extend, the temperature differential between the sample and the air jet was incrementally enhanced until crack extension was detected.
This critical temperature differential, ~Tc' was recorded.
Fractographic analysis was performed to insure that fracture originated at the precracks in the indented samples. Typical specimens failed by thermal shock are shown in Fig. 2 .
Identical samples were tested in biaxial flexure at ~oom temperature using-the apparatus destgned by Wachtman et al,(ll)~ A 5 em disc was -7-suoported on thre.e equally spaced balls (concentric with the load} and loaded wtth a flat piston at the rate of ~2MPas- The biaxial flexure data for both materials are plotted as a function of the indentation load in Fig. 4 . The theoretical s1ope(1 2 ) of -1/3 is superimposed to emphasize the trend. It is noted that SiC exhibits lower indentation strengths than Al 2 o 3 ; a trend that probably reflects the fracture toughness characteristics of the two materials( 12 l.
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STRESS ANALYSIS
The thermal stresses that develop within the disc following impingement of the air jet were determined using axisymmetric finite element schemes. The temperature distributions were established by direct application of the program DOT(l 3 ). The temperatures were then used to ascertain the thermal stress, by an adaptation of th~ program SOLSAP. (14) The calculations were conducted by allowing heat transfer through the upper surface of the disc, to the air stream. Radiation from the lower surface of the disc into the cooled regions was also permitted.
The heat transfer coefficient was assumed to be uniform over the diameter of the air jet, with a magnitude proportional to that expected for a fluid stream flowing against a thin plate;(lS)
where kf and nf are the thermal conductivity and kinematic viscosity of the fluid at the film temperature, d is the jet diameter, V 00 is the fluid velocity and P is the Prandtl number; A. is a proportionality constant, to be determined by a calibration procedure, described below.
Heat transfer was also considered to occur as a consequence of the jetting of the fluid over the surface. The heat transfer coefficient for boundary layer flow over a flat surface was selected, (lS) and allowed to diminish inversely with distance from the jet, to account for flow attenuation. However, preliminary calculations indicated that reasonable choices for this heat flow exerted a relatively minor influence on the thermal stress developed at the disc center (the location of present interest).
Four axisymmetric element groups were employed in the study: an interior two dimensional element (group 1), a surface convection element with constant heat transfer (group 2), a surface convection element with h inversely proportional to radial distance (group 3) and a uniform radiation element (group 4). The assignment of these elements is illustrated in Fig. 5 , Four different meshes were selected ( an accuracy deemed suf.fid.ent for present purposes.
Temperature and stress calculations were conducted by admitting temperature dependent material properties: thermal conductivity, specific heat, thermal expansion coefficient (Fig. 7) and elastic modulus (-400 GPa for both materials), Typical temperature distributions within the test specimen, determined both across the surface and through the -12-thickness, are plotted i.n Fig. 8 . It 'fs noted that there ts an appreciable axial temperature gradient. Results for a thin disc can not, tnerefore, oe expected to app.ly.
The time dependence of the maximum stress, at the center surface location, typically exhibi'ts the form depicted in Fig. 9 . It is observed that the peak stress develops at a time approximately coinci= dent with the instant when the temperature at the disc periphery begins to diminish.
The procedure adopted for the calibration of the heat transfer coefficient involved calculations of the influence of h on the peak 
*
Preliminary credence in the deduced value of h was established by comparing the measured failure times with estimates derived by analysis. For this purpose, it is noted that, since 10°C temperature -13-increments were used to determine the incidence of fracture, the expertmental estimate of ~Tc could exceed the actual value by < l0°C.
Stress levels developed at a l0°C temperature separation were thus calculated, and a lower bound on the failure time established from the time when the stress at the upper temperature attained the median failure stress (Fig. 9) . The time of 12 s determined using this procedure is of the sane order as the measured failure times.
A series of calculations were conducted for ~T values within the vicinity of the values measured for each of the two materials. These calculations permitted relationships between ~T and the peak stress Thermally shocked discs (a) a substantially supercritical thermal shock that activates many surface cracks {b) a slightly supercritica1 thermal shock activating a central precrack. To enhance the cracks the samples were immersed in a dye penetrant and illuminated under ultra-violet light.
The influence of indentation load upon the critical temperature for thermal fracture of Al203 and SiC. Also shown are the criti'cal temperatures predicted by the stress analysis from the biaxial strength results.
The influence of indentation load on the biaxial flexure strength of Al203 and SiC.
The assignment of the four types of element used in the finite element analysis.
The four meshes employed in the finite element calculations. Mesh c was employed for the majority of calculations.
Temperature dependent material properties of Al203 and SiC (a) thermal conductivity (b) specific heat (c) thermal expansion
The axial and radial temperature distributions in an Al203 sample subject to a temperature differential of 575°C~ obtained at two times, 8s and 32s.
The variation of the maximum tensile stress with time for Al203 subject to several values of 6T. Also shown is the construction for estimating the lower bound failure time.
The variation of the peak tensile stress with 6T for (a) Al203, (b) SiC. Essentially identical results obtain for Al203 both with and without radiation; but a significant disparity exists for SiC, as illustrated. 
